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ABSTRACT 26 
 Biochar production and applications are emerging globally as novel industrial and 27 
commercial products. These originate from pyrolysis of residuals from the second generation 28 
biorefining of lignocellulosic feedstocks, and/or from the pyrolysis of feedstocks such as 29 
lignocellulosic energy crops, agricultural residues, and animal and poultry manures. The 30 
quality and the chemical properties of biochars will depend on the pyrolysis processes 31 
employed and on the compositions of the substrates used. It is important to develop and to 32 
validate a series of suitable protocols for the ecological monitoring of the qualities and 33 
properties of biochars to establish regulatory procedures for implementation in the product 34 
characterization chain. We have examined the suitability of the Ames test for analyses of the 35 
mutagenic activities of dimethylsulphoxide (DMSO) extracts of biochars using two bacterial 36 
models (S. typhimurium strains TA 98 and TA 100) in the presence and in the absence of the 37 
metabolic activation of the extracts with the rat liver S9-mix. The tester strain TA 98 was 38 
found to be the most sensitive in detecting mutagenic biochar products, and the contribution 39 
of the metabolic activation (S9) was established. The tests showed that biochars from 40 
lignocellulosic biomass were not mutagenic under the test conditions, and those from poultry 41 
litter, and from the manures of calves fed on grass had low mutagenicities. Biochar from pig 42 
manure had relatively high mutagenicity, whereas biochars from the manures of cows fed on 43 
a combination of grass and cereals, and from manures of calves fed on mother’s milk, and 44 
those from solid industrial waste had intermediate mutagenicity values. The methods outlined 45 
can be suitable for further studies to ensure sensitive screening and detection of the 46 
mutagenic residuals within other types of biochar products produced on research and 47 
industrial scales. 48 
 49 
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1. Introduction 50 
There is growing interest in the novel procedures and products of biorefining and of 51 
bioenergy processes that can utilize lignocellulosic biomass, including agricultural residues 52 
and wastes (Hayes et al. 2005; Hayes 2009). The quality and chemical properties of such 53 
products will depend on the processes employed and on the compositions of the substrates 54 
used. Pyrolysis of biomass, of residuals in biorefining processes, and of organic wastes gives 55 
a bio-oil, biochar, and syngas (Kwapinski et al. 2010). The bio-oil has potential for upgrading 56 
to fuel or fuel additive standard, the syngas can be used as a source of energy and in Fischer 57 
Tropsch processes (Hayes 2009), and biochars have been shown to have the capacities to 58 
replenish soil carbon pools, to restore soil fertility, to sequester CO2, and to have plant growth 59 
promoting and soil amendment properties (in Lehmann and Joseph 2015). The term 60 
“BIOCHAR” is used for the black carbon (BC) “produced by the thermal decomposition of 61 
biomass under limited or absent oxygen, and used as a soil amendment to increase fertility 62 
and sequester atmospheric CO2” (Mukherjee et al. 2011). Sohi et al. (2010) have suggested 63 
that the term “biochar” should be reserved for biomass-derived char produced specifically for 64 
application to soil. 65 
Because the production and the applications of biochar are emerging globally as novel 66 
industrial products with commercial potential (in Lehmann and Joseph 2015), it will be 67 
important for the further development of the industry to focus more attention on the sources 68 
and on the reserves of resources for the production of the biochars, on the design, 69 
engineering, and manufacture of char producing equipment, on the transport, storage, and soil 70 
applications of biochar, and on biochar characterization and testing services. The new 71 
industry provides opportunities also for consulting services, for finance market research, etc.  72 
The quality and chemical properties of biochar will depend on the compositions of the 73 
substrates used and the processes employed in the production of the products. Much emphasis 74 
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has been placed on physicochemical parameters, such as sorption properties, surface area, 75 
and compositional and structural features. Reports from research laboratories and testing 76 
services have provided information about the formation and retention of various polyaromatic 77 
hydrocarbons (PAHs), ubiquitous environmental pollutants as products of incomplete 78 
combustion. PAHs and other molecular signatures such as heterocyclic aromatic amines may 79 
be formed during pyrolysis (Furihata and Matsushima 1986). There is the potential also for as 80 
yet unidentified structures with mutagenic characteristics that may arise from biochar 81 
material. Thus compounds formed during pyrolysis could have  mutagenic characteristics that 82 
may affect the DNA of environmental organisms that contact such biochar materials. These 83 
molecules may be sorbed to the surface of the biochar or entrapped within the biochar matrix. 84 
It is important to develop and validate a series of suitable protocols for the ecological 85 
monitoring of the quality and properties of the pyrolysis biochar products, and to initiate the 86 
establishment of regulatory constraints and procedures required for implementation in the 87 
product characterization chain. 88 
The objective of this study was to address potential adverse environmental impacts that 89 
pyrolysis processes and products such as biochar can have, and to validate an approach to 90 
detect mutagens in biochar products. We have examined the suitability of two of the Ames 91 
Tester strains of Sallmonella typhimurium TA98 and TA100. These strains were developed to 92 
contain mutations in the host histidine gene which make the strains autotrophic (require 93 
histidine for growth) and a series of other mutations such as uvrB which eliminates accurate 94 
excision repair of damaged DNA and rfa which eliminates the lipopolysaccharide coat of the 95 
tester strain making it permeable to bulky chemicals. The TA98 strain contains a hisD3052  96 
(a -1 frameshift mutation) while TA100 contains a hisG46 point mutation (GAG –leucine for 97 
a GGG –proline). In addition both strains contain the mutation enhancing plasmid pKM101 98 
which enhances chemical mutagenesis in host Ames tester strains (Ames et al. 1975, Maron 99 
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and Ames 1983, Levin et al. 1982, Jurado et al. 1993, Mortelmans and Zeiger 2000). The 100 
basic test examines reversion to histidine prototrophy by examining the potential of a test 101 
substance to revert the histidine mutations such that the tester strains may now grow in the 102 
absence of added histidine. Since mutagens on occasion may require metabolic activation, 103 
potential mutagenic substances are also tested following treatment with S9 liver mixture to 104 
assess the presence of so called pro mutagens (Mortelmans and Zeiger 2000). We wished to 105 
apply the test to detect potential mutagenic components extracted from biochars with 106 
dimethyl sulfoxide (DMSO) as solvent with and without metabolic activation via the rat liver 107 
S9 mix. This would result in initial base line data for further environmental testing, 108 
monitoring, and evaluation of biochar quality and properties when produced on an industrial 109 
scale. 110 
2. Material and methods 111 
 112 
2.1. Biomass feedstocks, pyrolysis condition, and morphologies of biochars 113 
 114 
Pig manure, cow manure, calf manure, sawdust, Miscanthus, (a C4 grass, Miscanthus x 115 
giganteus), and solid municipal waste were used to prepare biochars. A laboratory scale 116 
pyrolysis reactor (5 cm i.d.) was used to produce the biochar under slow pyrolysis conditions. 117 
Temperatures of 400 ± 10 
o
C; 600 ± 10 
o
C; 800 ± 10 
o
C, and residence times of 10, 30 and 60 118 
min in an N2 atmosphere were used. After pyrolysis the biochar was allowed to cool, in an 119 
atmosphere of N2, in a cooler zone of the reactor. The morphology, structure, particle size, 120 
and surface characteristics of the biochar samples from pyrolysis were imaged with a 121 
CarryScope (CM-5700, JEOL, UK) Scanning Electron Microscope (SEM). The samples were 122 
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sputter-coated with a 50 nm layer of Au/Pd prior to image acquisition at different 123 
magnifications using an instrument Accelerating voltage of either 3 or 10 kV.  124 
 125 
2.2. Preparation of char extracts for testing 126 
Dimethylsulfoxide (DMSO, GC grade) was used for the extraction of pro-mutagens and 127 
mutagens from solid biochar samples. Biochar samples were placed individually in glass jars. 128 
Twice the volume of DMSO, (the extraction solvent) of that occupied by the sample was 129 
added to each jar. Extraction, with agitation, was for 2 h at 37 
o
C. The glass bottle containing 130 
the mixture was left to stand at room temperature for at least 15 min to allow sedimentation 131 
of the large particles. Then the liquid phase was centrifuged (3 min, 4000 × g) to remove the 132 
smaller particles.  133 
 134 
2.3. Cytotoxicity of biochar and survival experiments 135 
 136 
The cytotoxicities of biochar extracts were evaluated as described by Aiub et al. (2003).  137 
Each experiment was carried out in triplicate and was repeated at least twice, and with the 138 
standard deviation among replicates not exceeding 15%. Analysis of variance (ANOVA) was 139 
used for statistical comparisons, with a value of P ≤ 0.05 indicating a significant response 140 
(Vargas et al, 1993 and Vargas et al.1995). 141 
 142 
2.4. Analysis of biochars via the Ames test 143 
 144 
The Salmonella typhimurium strains TA98 and TA100, described by Maron and Ames 145 
(1983), were utilised. The genetic characteristics of these strains have been described 146 
(Hartman and Aukerman 1986, Mortelmans and Zeiger 2000; and Jurado et al. 1993). TA98 147 
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was used to detect mutagens reverting frame-shifts while TA100 was used to detect mutagens 148 
capable of base pair substitution reversion (Hartman and Aukerman 1986). Strains were 149 
maintained on minimal medium and growth was examined in the presence and absence of 150 
histidine. Strain sensitivity to UV, ampicillin, and the level of spontaneous reversion, and 151 
reversion with standard chemical mutagens (Ames et al. 1975) was routinely examined. 152 
Vogel-Bonner minimal medium E (Vogel and Bonner 1956), with 10 µmoles of L-histidine, 153 
and 0.05 µmoles of D-biotin was routinely utilised for storage. Whole extracts of the biochars 154 
were bio-assayed using the Ames strains TA98 and TA100 with and without exogenous 155 
addition of mammalian metabolic activation (S9). The S9 fraction prepared from the liver of 156 
Sprague-Dawley rats pre-treated with a polychlorinated biphenyl mixture (Aroclor 1254) was 157 
purchased from XENOTECH (UK). The S9 metabolic activation mixture (S9 mix) was 158 
prepared according to Maron and Ames (1983), and was used according to Mortelmans and 159 
Zeiger (2000). The S9-mix contained (per ml) 0.1 ml of S9, 0.01 ml of 0.4 M MgCl2, 0.01 ml 160 
of 1.65 M KCl, 0.5 ml of 0.2 M phosphate buffer, pH 7.4, 0.04 ml of 0.1 M NADP, 0.005 ml 161 
of 1 M glucose-6-phosphate, and 0.335 ml of distilled water. All cofactors were filtered 162 
through a 0.45 µm sterilizing membrane before use; the S9 fraction was not filtered. The S9 163 
mix was prepared fresh before each assay and then submitted to several quality controls. The 164 
sterility, protein concentration, and the metabolic activation capacity were all verified using 165 
the Ames test on strains TA 100 and TA98 with four reference pro-mutagens at two dose 166 
levels.  167 
These positive controls consisted of 4-nitro-o-phenylenediamine (TA98 without S9 168 
activation, Sigma-Aldrich USA), sodium azide (TA100 without S9 activation, Sigma-Aldrich 169 
USA), and 2-aminoanthracene (TA98 and TA100 with S9 activation, Sigma-Aldrich USA).  170 
 171 
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2.5. Test protocols complying with OECD 471 Guideline for Testing of Chemicals (Bacterial 172 
Reverse Mutation Test). 173 
  174 
To each well in a microtitre plate, successive additions were made of: 100 µl of the 175 
char extract solution; 0.1 ml of the concentrated bacterial suspension; and 900 µl TA98 of 176 
PBS in the assay without metabolic activation, or 900 µl of S9-mix in the assay with 177 
metabolic activation. The reaction volumes were incubated with stirring for 20 min at 37 
o
C. 178 
The content of each well was then transferred in 2 ml of top agar, maintained in a state of 179 
suspension at 45 
o
C. The content of each tube was agitated, and then spread onto a minimal 180 
agar. The plates were incubated at 37 
o
C for 48 h, and the number of revertant colonies 181 
enumerated. Four replicas were tested for each biochar extract from each feedstock. The 182 
number of revertants was estimated by subtracting the spontaneously reverting colonies from 183 
the colonies induced by the respective biochar extract. The doses were expressed as mg char 184 
equivalent per plate. For each dose tested, the ratio was determined of the mean number of 185 
revertants per plate to which solvent containing char extract was added/mean number of 186 
revertants per plate to which solvent only was added. Plating of the extract/DMSO solution 187 
for each sample of the biochar with top agar was systematically carried out during each test. 188 
These steps were incorporated to control the validity of the test, to detect any bacterial 189 
contamination which may lead to over enumeration of the colonies on the plate, and to 190 
determine a sterility of samples to be tested. 191 
 192 
2.6 Statistical analysis. 193 
 194 
The average spontaneous revertants per plate were enumerated respectively for TA100 195 
and TA98 with and without S9 activation. Evaluation of mutagenic potential (MP) was based 196 
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on previously established criteria (Vargas et al. 1993, 1995). A biochar extract was 197 
considered to be mutagenic when: a), the number of revertant colonies in the assay was at 198 
least twice the number of spontaneous revertants (MI ≥ 2) -“2-fold” rule (Cariello and 199 
Piegorsch, 1996); b), analysis of variance (ANOVA) revealed a significant response (P ≤ 200 
0.05); and c), and  a reproducible dose-response  curve (Waddell 2004). Revertant colonies 201 
were counted by hand and the mutagenicity was expressed as revertants per plate/weight of 202 
biochar (mg).  203 
 204 
3. Results and discussion 205 
 206 
Many of the studies on biochars have focused primarily on comparisons of biochars 207 
produced by different thermal processes, on operational conditions and feedstock varieties, 208 
and on formulations based on their physico-chemical properties and soil and plant growth 209 
benefits. Fig. 1 shows the morphologies of biochars produced from Miscanthus, and pig 210 
manure. In the case of Miscanthus, a high porosity, based on the plant cell structures, is 211 
evident. The manure biochar, where there is an absence of plant cell structures, does not 212 
provide evidence of large pore structure. Data are generally missing relevant to the 213 
environmental quality and safety, as well as the effects on soil organisms. Such data are not 214 
found in Material Safety Data Sheets (MSDS) of the commercial biochar products. In this 215 
study we have examined, using the Salmonella typhimurium tester strains TA 98 and TA 100 216 
(in the presence and in the absence of metabolic activation with the rat liver S9-mix), the 217 
mutagenicity of biochar extracts that differ in feedstock origin and in pyrolysis conditions. 218 
The number of spontaneous mutations and the effect of vehicle (DMSO only) were evaluated 219 
during the tests.  220 
 221 
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 222 
Figure 1.  Biochar formed from Miscanthus x giganteus  (LHS) and from pig manure (RHS). Both 223 
samples were heated at 600 
o
C for 30 min 224 
 225 
Figure 2 shows that considerations of temperature and pyrolysis time are important for 226 
determinations of mutagenic effects. Herbaceous Miscanthus was pyrolised for 10, 30, and 60 227 
mins at 400, 600, and 800 
o
C and mutagenicities of the DMSO extracts were measured using 228 
the TA98 Strain with S9 activation. It is clear that biochars demonstrating the least  229 
 230 
Figure 2. Panel B: Effect of pyrolysis temperature (Time constant = 60 min) on Mutagenic Potency 231 
(MP) of biochars prepared from herbaceous Miscanthus x giganteus). Panel C. Effect of time of 232 
pyrolysis (Temperature, 600
o
C) on MP of biochars prepared from the same feedstock. (MP is the 233 
association between spontaneous and mutagenicity induced by the biochar).  234 
 235 
mutagenicity were obtained for 800 
o
C for 60 mins (Fig. 2), but as will be seen from Fig. 3, 236 
low mutagenicity values were also obtained for treatments at 600 
o
C and a pyrolysis time of 237 
30 min. 238 
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Distinct differences were observed between the mutagenic profiles for the DMSO 239 
extracts of some of the biochars prepared by pyrolysis from different starting materials. Most 240 
of these differences were introduced by the protocol chosen and by the type of strain used for 241 
the study. Results for the TA98 strain (analyzing frame shift reversion ) indicate (Fig. 3) a 242 
low number of revertants (compared to the vehicle control) of the DMSO extract, with or 243 
without S9 activation, for the lignocellulosic substrates, Miscanthus and sawdust. Differences 244 
are evident in the cases of the pig manure extracts. The number of revertants resulting from 245 
treatment with extract formed at 400 
o
C in the absence of S9 was twice that for the vehicle 246 
control, but the number formed at the same temperature in the presence of S9 was 19 times 247 
that of the control. Interestingly the number of revertants for the pig manure at 600 
o
C in the 248 
absence of S9 was less than that for the vehicle control. However, the number at 600 
o
C in the 249 
presence of S9 was the same as that for the sample with S9 pyrolysed at 400 
o
C. When 250 
 251 
Fig. 3. Ames test- Mutagenic Potency of extracts from various types of biochar assessed using two 252 
tester strains with (white), or without (black) metabolic activation (S9) in the His
+
 reversion assay. 253 
(Plot represents the amount of mutated revertants in each strain after incubation with the biochar 254 
extract. (The higher the number of revertants the greater mutagenic activity of the tested biochar). 255 
the TA100 strain (Tester Strain 2, Fig. 3), testing base-pair substitution reversion was used, 256 
no mutagenic effect could be detected for extracts obtained for all biochars prepared from 257 
lignocellulosic waste and vegetative feedstocks (sawdust or Miscanthus grass) (Fig. 3). It can 258 
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be concluded that the biochar products from Miscanthus and from sawdust biomass are 259 
therefore not mutagenic under the test conditions based on the tests with TA98 and TA100, 260 
with or without metabolic activation. In contrast, where pig manure was used as the feedstock 261 
for pyrolysis, the DMSO extract from the biochar, with and without the S9 adduct, had twice 262 
the number of revertants as the Vesicle control and, based on the -“2-fold” rule (Cariello and 263 
Piegorsch, 1996), can be considered to be mutagenic.  264 
Fig. 4 gives a comparison of the mutagenic potency (MP) of the different types of 265 
biochars studied. All of the data for this Fig. used biochars prepared under the same 266 
conditions (600 
o
C for 30 min and with S9 metabolic activation). The data demonstrate, as 267 
might be expected, the very small MP for the biochars from the lignocellulosic feedstocks 268 
Miscanthus and sawdust.  The MP for poultry litter was relatively low, and that may reflect 269 
the high lignocellulosic content of the litter. Predictably, based on the data in Fig. 3, the MP 270 
of pig manure biochar is observed to be high. Interestingly the MP of biochar of manure from 271 
calves fed on milk is more than twice that for those fed on grass. The MP for biochar from 272 
the manures of cows, whose grass diet was supplemented with cereals, was intermediate 273 
between that for calves fed on grass and on milk. 274 
The results of the present study indicate that TA98. demonstrated a concentration-275 
dependent response with an observed stable dose-related increase in the number of revertants 276 
indicating its usefulness in testing (Fig. 5). 277 
 278 
 279 
 280 
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 284 
 285 
 286 
 287 
Fig. 4. Mutagenic potency (MP) of extracts from various types of biochar as assessed using validated 288 
tester strain TA98 with metabolic activation (S9) in the His
+
 reversion fluctuation assay. (Temperature 289 
and time constant, 600
o
C, 30 min). (Higher MP value indicate higher mutagenic activity of the tested 290 
biochar.)  291 
Ànjum et al (2014) assessed the mutagenic potentials of biochars produced from the 292 
pyrolysis of hemp bedding and wood pellets  using Salmonella strains TA97, TA98 and 293 
TA100 in the presence and in the absence of liver microsomal fractions. They found that the 294 
mutagenicity of the biochar from the hemp bedding was much greater than that from the 295 
wood although the evolution of PAHs from both media was similar. 296 
It would be important to conduct additional mammalian cell and  in vivo genotoxicity 297 
tests to better assess the relevance to humans It may be advisable also in subsequent 298 
experiments to use other genotypes for the tester strains, and other derivatives of the Ames 299 
strains might be tested more thoroughly to evaluate the mutagenicity of biochar products. 300 
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 301 
Fig. 5. Dose–response curve and the mutagenic potency of pig manure biochar extracts (T98 tester 302 
strain) 303 
It would be important to conduct additional mammalian cell and  in vivo genotoxicity 304 
tests to better assess the relevance to humans. It may be advisable also in subsequent 305 
experiments to use other genotypes for the tester strains, and other derivatives of the Ames 306 
strains might be tested more thoroughly to evaluate the mutagenicity of biochar products.. It 307 
would also be important to conduct additional mammalian cell and in vivo genotoxicity tests 308 
to better assess the toxicity to humans  309 
 310 
4. Conclusions 311 
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Data have shown that the biochars produced from sawdust and Miscanthus x giganteus grass 312 
at 400 and 600 
o
C were not mutagenic under the test conditions, whereas the presence of 313 
frame-shift mutagen(s) which require metabolic activation, as well as deletion mutagens 314 
which do not require metabolic activation were detected in pig manure biochar produced 315 
under the same conditions. Consideration might be given to the incorporation of the methods 316 
described into routine evaluation of biochar products, and for the development of optimal 317 
methods for processing biomass and waste materials for the production of biochar products 318 
that are safe for applications as soil amenders. Our data show that the choice of feedstock 319 
material for the production of biochar does affect the quantity and the nature of the mutagens 320 
that may be formed during high-temperature pyrolysis. Two standard bacterial tester strains 321 
in the Ames Test were shown to have different degrees of sensitivity, and applicability as 322 
protocols to evaluate environmental mutagens and biochar product safety. The biochar 323 
produced from pig manure contained mutagenic compounds that can be extracted with 324 
DMSO and require metabolic activation in order to exert mutagenic effects. The biochars 325 
produced from lignocellulotic biomass under the same pyrolysis conditions did not show 326 
mutagenic activity in either tester strains TA98 and TA100, with or without metabolic 327 
activation. The experimental design and the choice of the tester strain during biochar 328 
evaluation will allow conclusions to be reached about product safety. Optimised protocols for 329 
applications of in vitro mutagenicity testing for product screening are presented. It is 330 
suggested that these might be followed for implementation, for comparisons of products, for 331 
further process improvements, and for validation in various research, industrial and 332 
regulatory specialities, as well as in policymaking for the global biochar initiative.  333 
The protocol described could be recommended for application in a global, transparent 334 
process for creating and formalising an informative Biochar Product Definition and 335 
Specification file.  336 
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